Speech production by children with cochlear implants (CIs) is generally less intelligible and less accurate on a phonemic level than that of normally hearing children. Research has reported that children with CIs produce less acoustic contrast between phonemes than normally hearing children, but these studies have included correct and incorrect productions. The present study compared the extent of contrast between correct productions of /s/ and /$/ by children with CIs and two comparison groups: (1) normally hearing children of the same chronological age as the children with CIs and (2) normally hearing children with the same duration of auditory experience. Spectral peaks and means were calculated from the frication noise of productions of /s/ and /$/. Results showed that the children with CIs produced less contrast between /s/ and /$/ than normally hearing children of the same chronological age and normally hearing children with the same duration of auditory experience due to production of /s/ with spectral peaks and means at lower frequencies. The results indicate that there may be differences between the speech sounds produced by children with CIs and their normally hearing peers even for sounds that adults judge as correct.
I. INTRODUCTION
Most studies that have analyzed the speech of children with cochlear implants (CIs) have examined how intelligible these children are (e.g., Chin et al., 2003; Peng et al., 2004) or how accurately they produce phonemes (e.g., Blamey et al., 2001; Tobey et al., 2007; Tomblin et al., 2008) . While these studies have generally observed that children with CIs have poorer speech production than is expected from their peers with normal hearing (NH), their conclusions are limited by the fact that accuracy and intelligibility are based solely on adult listeners' judgments. There is little research on whether the speech of children with CIs differs from the speech of children with NH on a subphonemic level. The present study examined the production of the fricatives /s/ and /$/ by children with CIs on a subphonemic level. The primary goal was to determine whether productions of /s/ and /$/ by children with CIs have less acoustic contrast than those of children with NH.
There are at least two reasons why children with CIs might produce less contrast between /s/ and /$/ than children with NH. First, in children with NH, there is a protracted period of acquisition of the contrast between /s/ and /$/ (Nittrouer et al., 1989; Nittrouer, 1995; Nissen and Fox, 2005; Li et al., 2009) . This finding suggests that speaking and listening experience play a role in the development of this contrast. Children with CIs have less speaking and listening experience than children with NH of the same age because they go through a period of auditory deprivation before receiving a CI. Furthermore, even once implanted, children with CIs have poorer speech perception than children with NH (e.g., Summerfield et al., 2002; Eisenberg et al., 2003; Grieco-Calub et al., 2009) . This deficiency in auditory perception could make speech acquisition a more prolonged process for children with CIs than for children with NH, which could result in a slower acquisition of contrasts such as /s/ and /$/. The second reason is that children with CIs receive degraded auditory input that may be insufficient for them to hear the contrast between /s/ and /$/ in other speakers' productions and in their own productions (Dorman et al., 2000) . In particular, differences between productions of /s/ which are highly contrastive with /$/ and productions of /s/ that are less contrastive with /$/ (and vice versa) may be imperceptible for children with CIs. Without this auditory information, children with CIs would be limited in their abilFurthermore, the performance of young children tends to suffer more than that of adults when spectral resolution is limited (Eisenberg et al., 2000) . Besides limitations in spectral resolution, /s/ and /$/ can have spectral energy that is above the upper frequency limit of a typical CI (i.e., approximately 8000 Hz) which may also impede the ability of individuals with CIs to accurately identify these sounds.
While it has been found that children with CIs can have difficulty discriminating between /s/ and /$/, it is not the case that these two phonemes are indistinguishable to individuals who use CIs. Summerfield et al. (2002) found a wide range of performance by children and adults with CIs in discriminating between /s/ and /$/, and also found that children who had used their implants longer had better discrimination performance. Furthermore, studies on phoneme identification by high-performing adults with CIs have shown that perceptual confusions between /s/ and /$/ are relatively uncommon (Dorman et al., 1990; Munson et al., 2003) . These findings suggest that at least for some individuals, CIs provide sufficient acoustic information for them to discriminate between /s/ and /$/. This is consistent with the findings that differences are apparent in the electrode output of the Ineraid cochlear implant between the sounds /s/ and /$/ as produced by an adult female speaker (Matthies et al., 1994) .
Although it has been found that some individuals with CIs can discriminate between /s/ and /$/, subtle withincategory discriminations are more challenging. Lane et al. (2007a) found that postlingually deafened adults with CIs were less able than adults with NH to discriminate between stimuli on an /s/ -/$/ continuum. Even small differences in auditory discrimination have been found to be related to reduced production of contrast in individuals with NH. In a study by Perkell et al. (2004) , adults who performed worse on an auditory discrimination task of stimuli that formed a continuum between /s/ and /$/ also produced less contrast between /s/ and /$/. Perkell and colleagues suggested that children with poorer auditory discrimination skills do not learn to produce speech sounds as contrastively since they are less aware of the difference between productions of a sound that are more or less contrastive with another sound. If this is the case, then children with CIs should be expected to produce less contrast between /s/ and /$/ than children with NH, because of their poorer auditory discrimination abilities.
B. Spectral analysis measures
The sounds /s/ and /$/ are both voiceless sibilant fricatives. They are produced with air flowing through a constriction between the tongue and the hard palate. The sound /s/ is produced with the constriction more forward in the vocal tract and with a shorter constriction than /$/. The spectral shapes of /s/ and /$/ are related to the size of the cavity in the vocal tract anterior to this constriction and to the size of the constriction (e.g., Summerfield et al. 2002) . The spectra of /s/ and /$/ are each characterized by spectral peaks, the spectral peaks of /s/ being typically higher in frequency than the spectral peaks of /$/. The exact spectral shapes of /s/ and /$/ vary across speakers and contexts (Boothroyd and Medwetsky, 1992; Stevens, 2000) .
Various measures have been used to quantitatively differentiate the fricative spectra of /s/ and /$/ (see Newman et al., 2001 ). The spectral mean (i.e., first spectral moment) is one measure that has been used to differentiate these sounds (Forrest et al., 1988; Nittrouer, 1995) . It consists of the frequencies of the spectral components weighted by their normalized amplitudes. As such, the spectral mean reflects information from the entire spectrum. Thus from changes in the spectral mean, it is difficult to know which articulatory changes took place. A measure of the frequency of the highest spectral peak can also differentiate /s/ and /$/ (Jongman et al., 2000; Fox and Nissen, 2005) . This measure tends to relate to articulation in that it can be an indicator of the size of the cavity in the vocal tract anterior to the constriction. However, in cases in which there are two or more prominent peaks with similar amplitudes, the location of the highest spectral peak is more difficult to interpret. In this study, both the spectral mean and the spectral peak were calculated for the productions of /s/ and /$/.
C. The current study
The present study sought to expand on the findings of previous studies which have examined the productions of /s/ and /$/ by children with CIs. Studies have shown that children who use CIs produce less acoustic contrast than children with NH when attempting to produce /s/ and /$/ (Uchanski and Geers, 2003; Mildner and Liker, 2008; Liker et al., 2007) . In these studies, all productions of target /s/ and /$/ were included in the acoustic analyses as long as the attempts were fricatives.
1 Children with CIs in general have low accuracy for the production of /s/ (Blamey et al., 2001) , and therefore, it is uncertain whether substitutions of other fricatives for /s/ (or for /$/ ) influenced the results of the acoustic analyses. The present study therefore examined the contrast between /s/ and /$/ only for productions that were transcribed as correct.
A second aim of this study was to compare the speech production of children with CIs to that of children with NH of the same hearing age and to that of children with NH of the same chronological age. A child's hearing age is the amount of time that child has been exposed to auditory stimulation, and in this study was defined for the children with CIs as the time since activation of the first CI (Flipsen and Colvard, 2006) . If duration of auditory experience is controlled for in this way and differences in the production of contrast by children with CIs and children with NH are found, this would suggest that the production of contrast by children with CIs is influenced by the degraded auditory input they receive through their CIs. It was hypothesized that children with CIs would produce less acoustic contrast between /s/ and /$/ than both comparison groups of children with NH given that they have less auditory experience than their chronological-age peers, and given their degraded auditory input relative to both comparison groups.
II. METHOD

A. Participants
Participants were children between the ages of 4 to 9 years who use CIs (n ¼ 39) and children with NH who are typically developing and were between the ages of 2 to 7 years (n ¼ 43). The children with CIs were participants in a larger study on binaural and spatial hearing, and were recruited from various cochlear implant centers around the United States. They all traveled to Madison, Wisconsin, where the testing took place. All of the children had CIs in both ears, and had been implanted with their first CI before 2.5 years of age, with the exception of one child who was implanted at the age of 5 years, 2 months. All of the parents described their child's main mode of communication as auditory/oral except one parent who reported that his/her child used total communication. Recordings from six children with CIs were not included due to one of the following: errors made in the recording procedure (n ¼ 2), a possible diagnosis of pervasive developmental disorder (n ¼ 1), or no correct productions of either /s/ or /$/ (n ¼ 3). Characteristics of the children with CIs who were included in the analyses (n ¼ 33) are shown in Table I .
Data for two of the children with NH were obtained in Madison, Wisconsin under circumstances identical to those under which the children with CIs were tested. The remainder of that data set was from a database of audio recordings of children's speech (Edwards and Beckman, 2008) . These recordings had been obtained using the same stimuli and procedures as those used for the children with CIs, for the purposes of a larger study. These children were recruited from schools and day care centers in Columbus, Ohio, where the recordings were made. All children with NH passed a hearing screening which consisted of either otoacoustic emissions within normal range at 2000, 3000, 4000, and 5000 Hz, or pure tone audiometry thresholds within normal limits from 250 to 8000 Hz at octave intervals. None of the children with NH scored lower than one standard deviation below the mean on norm-referenced tests of articulation (Goldman and Fristoe, 2000) , receptive vocabulary (Brownell, 2000) , expressive vocabulary (Williams, 1997) , or nonverbal IQ (Burgemeister et al., 1972) . Non-verbal IQ scores were available only for children above 3.5 years of age and standardized test results were unavailable for three of the children with NH. The children with CIs and the children with NH were all English speakers.
Twenty-one of the 33 children with CIs were compared to children with NH matched to the children with CIs on chronological age (within four months) and sex. Thirty-two of the 33 children with CIs were compared to children with NH matched to the children with CIs on hearing age (within four months). The hearing age of each child with CIs was calculated by subtracting the age at which the child's first CI was activated from the child's chronological age. Not every child with CIs was included in each comparison due to the inability to match children with NH of a close enough chronological age or hearing age to the children with CIs. Table II shows the characteristics of each group.
B. Stimuli Table III shows the words elicited from the children for this study. There were nine words with /s/ in the initial position and nine words with /$/ in the initial position. Following /s/ and /$/ was a vowel from one of three vowel categories (approximately /i/, /A/, /u/) which were distributed evenly throughout the stimuli. Vowels producing similar coarticulatory effects were grouped together in the same category. That is, /A/, /O/, and /ˆ/ were in the same category; /i/ and /I/ were in the same category; and /u/ and /U/ were in the same category. At least 30 additional words that started with sounds other than /s/ and /$/ were intermixed with these words and were elicited from the children. The children with NH repeated more words than the children with CIs including more words that started with /s/ and /$/ for the purposes of the larger study in which they were participants. Productions elicited by these words were not included in the analysis comparing the productions of the children with CIs to those of the children with NH.
Auditory stimuli were created by recording an adult female saying the target words in a child-directed speech register. Recordings were made at a 22 500 Hz sampling rate. Due to the sampling rate, stimuli did not extend above 11 025 Hz. This upper limit is more than adequate to allow for correct identification of /s/ (and /$/) (Stelmachowicz et al., 2001) . There is the possibility that not hearing frequencies above 11 025 Hz might cause the children with NH to produce /s/ at lower frequencies. However, this effect if present, is expected to be minor, and should only lessen differences between the children with CIs and the children with NH, since 11 025 Hz is above the range of frequencies presented to children with CIs.
Five tokens of each word were recorded. Stimulus quality was tested by having five adult native English speakers repeat after each auditory stimulus. The adults participated individually. Stimuli were presented to the adults over loudspeakers, and the productions of the adults were recorded and judged for accuracy by an adult native English speaker. The inclusion criterion for the stimuli was correct production by at least 4 out of 5 of the adults. Three tokens of each stimulus word were included in this study.
Visual stimuli consisted of color photographs that corresponded to the auditory stimuli. For example, for the auditory stimulus sister, there was a photograph of two similarlooking girls with their arms around each other. The order of the stimuli was randomized.
C. Procedure
The children with CIs and the children with NH who participated in Wisconsin were recorded in a soundattenuated booth, while the children with NH who participated in Ohio were recorded in a quiet room at their school or daycare center. The target words were elicited by a picture-prompted auditory repetition task. Auditory stimuli were presented over Audix PH5-VS loudspeakers which present frequencies from 75 Hz to 20 kHz for the children recorded in Wisconsin and over lower-quality Radio Shack 40-146 loudspeakers which present frequencies up to 15 kHz for the children recorded in Ohio. Visual stimuli were presented on a laptop computer screen. The children were provided with ten practice trials consisting of words beginning with various sounds. A single production of each word was elicited unless the child said the wrong word or the child's production was difficult to hear in which case a subsequent token was immediately elicited using the same stimulus item. The children's productions were digitally recorded at a sampling rate of 44 100 Hz. The recordings were made via a tabletop microphone connected to a Marantz PMD660 digital recorder. The children with NH were recorded in one or two sessions that were at the most 12 days apart, while the children with CIs were recorded in a single session.
D. Transcription
Trained native speakers transcribed the initial sounds of the children's word productions using a combination of the auditory signal, spectrogram, and waveform. Each initial sound was transcribed unless a child's production could not be heard. The transcribers coded each production as correct or incorrect relative to the target sound. Distortions, substitutions, and deletions of the sounds /s/ and /$/ were considered incorrect productions. The transcribers coded each of these three error types in the case of incorrect productions, and wrote the substituted sound in the case of substitution errors. One transcriber transcribed the productions of 41 of the normally hearing children. Another transcriber transcribed the productions of all of the children with CIs and the production of two of the children with NH. Inter-transcriber reliability was calculated separately for the children with CIs and the children with NH using an additional transcriber for the children with CIs and another for the children with NH. The calculation included the /s/ and /$/ productions of 20% of the participants: 7 children with CIs (two 4-year-olds, two 5-year-olds, two 6-year-olds, and one 7-year-old), and 9 normal-hearing children (three 3-year-olds, three 4-year-olds, and three 5-year-olds). Phoneme-by-phoneme inter-rater reliability for accuracy (correct/incorrect) judgments was 93% for the children with CIs and 87% for the children with NH. In the cases of disagreements, the judgments of the first transcribers were used.
E. Spectral analysis
Children's productions of /s/ and /$/ which came from their first attempts at producing the stimulus words and which were judged as correct were analyzed acoustically. For each production, the waveform and spectrogram were viewed. The onset of frication was marked where there was an increase in energy in both the waveform and the spectrogram. The end of frication was marked at the first glottal pulse of voicing. From these markings, the midpoint of the fricative was calculated. The spectrum was calculated from the middle 40 ms of the fricative using the multitaper method with seven data tapers (Percival and Walden, 1993; Blacklock, 2004) . No pre-emphasis was used. Spectral means were calculated from each spectrum over the range of frequencies from 200 Hz to 11 025 Hz by taking the weighted mean of the frequencies in the spectrum with frequencies weighted by their normalized power. The frequency with the highest amplitude, the spectral peak, was found from each spectrum in the frequency range from 500 Hz to 11 025 kHz. Five hundred Hz was used as a lower cutoff frequency to avoid any identification of peaks below 500 Hz, whereas 200 Hz was used as a lower cutoff frequency for the spectral mean calculation to reduce non-speech noise.
F. Simulation of electrode output of /s/ and /$/ In order to examine how a child with CIs might hear the sounds /s/ and /$/ in his/her own speech, the productions of /s/ and /$/ by one of the children with NH (female; 6 years, 0 months) were processed to simulate the processing of a CI. Two productions of /s/ and two productions of /$/ which were judged as correct by two transcribers and which were different from each other in their spectral peak locations and spectral means were chosen for this analysis. These productions of /s/ and /$/ came from the child's productions of the words sister, safe, chute, and shield. The middle 40 ms of each of the four fricative productions was extracted using a Hamming window. The average intensity level of each of the four signals was scaled to the same level. Pre-emphasis was applied to each signal using a high pass 1st order Butterworth filter with a cutoff frequency of 1200 Hz. Subsequently, each signal was band pass filtered using eight channels of 4th order Butterworth filters with corner frequencies logarithmically spaced between 200 Hz and 8 kHz. The envelope of each channel was extracted using a 2nd order Butterworth filter with a 400 Hz cutoff frequency, and was used to modulate the amplitude of noise bands with bandwidths equivalent to the bandwidth of each filter. Eight kHz was chosen as an upper cutoff frequency, because this was the upper cutoff frequency of the CIs for most of the children in this study. Eight channels of spectral information were chosen because it has been found that for adults with CIs speech perception performance in quiet does not increase much beyond eight channels (see Shannon, 2002) .
III. RESULTS
A. Accuracy results
The effects of consonant (/s/ vs /$/), group (CI vs NH), and the interaction between consonant and group on accuracy were tested using likelihood ratio tests on generalized linear mixed-effect models that included random intercepts for participants (e.g., see Jaeger, 2008) . Group was a between-subject effect. Consonant was a within-subject effect. The test statistic of each likelihood ratio was analyzed using a parametric bootstrap analysis. That is, the test statistic of each likelihood ratio was compared to a distribution calculated by repeatedly simulating data from the model that did not include the independent variable of interest.
When the accuracy of the children with CIs was compared to that of their chronological-age peers, the effect of consonant was significant (X for /$/). It must be kept in mind that productions of children who did not produce any correct productions of /s/ or /$/ during the elicitation task were not included in the present study. Table IV shows the most frequent errors produced for /s/ and /$/ by the children in the chronological age comparison. The errors that the children with CIs produced differed from the errors of the children with NH more when the target sound was /s/ than when the target sound was /$/. When the children with CIs produced /s/ incorrectly, they most frequently substituted [f], [h], or a stop. Surprisingly, stop substitutions for /s/ were produced even by two children with CIs who were as old as six years of age and had hearing ages of 4;8 and 6;4 (years;months). When the children with NH produced /s/ incorrectly, they most frequently produced [$], [h], or [ts] . Both groups of children produced [t$] and [s] as the most frequent substitutions when the target sound was /$/. This same pattern was also true for the hearing age comparison. Therefore, the errors of the children in the hearing age comparison are not shown.
B. Spectral analysis results
The effects of consonant (/s/ vs /$/), group (CI vs NH), and the interaction between consonant and group on the spectral measures (spectral peak and spectral mean) were tested using likelihood ratio tests on linear mixed-effects models (e.g., see Baayen et al., 2008) which included random intercepts for participants. The effect of group was a betweensubject effect, and the effect of consonant was a withinsubject effect. Likelihood ratio tests were used as opposed to F-tests due to the unbalanced number of tokens for each participant. Again, the test statistic of each likelihood ratio was analyzed using a parametric bootstrap analysis. The interaction between group and consonant was of most interest, as a significant interaction would suggest that one group produced less contrast between /s/ and /$/ than the other group (Nittrouer, 1995) . Since the results of the analysis of spectral peaks and spectral means were similar, only the results of statistical tests for the spectral peaks are reported unless a difference in significance was found between the two analyses. Effects were considered significant when p < 0.05.
Average spectral means for the /s/ and /$/ productions of the children in the chronological age comparison were 6656 Hz and 5328 Hz, respectively, for the children with CIs, and 7699 Hz and 5223 Hz for the children with NH. For the children in the hearing age comparison, average spectral means for the /s/ and /$/ productions were 6577 Hz and 5123 Hz, respectively, for the children with CIs, and 7338 Hz and 5460 Hz for the children with NH. Figures 1 and 2 show the spectral peaks of productions of /s/ and /$/ by the children in the chronological age comparison and the children in the hearing age comparison, respectively. In both figures, spectral peaks of /s/ were higher than spectral peaks of /$/. This was confirmed by the statistical analysis. The effect of consonant was significant for both of the mixed-effects models: the model for the chronological age comparison (X A significant difference between groups in spectral peak location was observed for both the chronological age comparison ( [1] ¼ 10.79, p ¼ 0.004). The children with CIs produced less difference between the spectral peaks of /s/ and /$/ than either group of children with NH. It can be seen in Fig. 1 that for the chronological age comparison this interaction was due to the spectral peaks of productions of /s/ by the children with CIs being lower than those of the children with NH while productions of /$/ were similar between the groups. This same pattern is less apparent in Fig. 2 for the hearing age comparison, since spectral peaks of both /s/ and /$/ appear somewhat lower for the children with CIs.
To investigate whether there was a significant difference between groups in spectral peak location for both /s/ and /$/, likelihood ratio tests were performed to investigate the effect of group on spectral peaks for /s/ and on spectral peaks for /$/, separately. For productions of /s/, a significant effect of group was found when the productions of the children with CIs were compared to either group of children with NH (chronological age comparison:
[1] ¼ 13.66, p<0.001) with the children with CIs producing /s/ with lower spectral peaks than the children with NH. For productions of /$/, a significant effect of group was not found when the productions of the children with CIs were compared to those of the children with NH in the chronological age comparison (X 2 [1] ¼ .37, p ¼ 0.536) or to those of the children with NH in the hearing age comparison (X
2
[1] ¼ 2.76, p>0.104). It is possible that group differences in spectral peak locations for /s/ between the children with CIs and the children with NH in the hearing age comparison may have been due, at least in part, to vocal tract size differences between these two groups of children. The children with CIs were on average 1.5 years older than the children with NH. It is to be expected that children who are older have larger vocal tracts and lower spectral peaks. The effect of vocal tract size on spectral peak locations was investigated by examining the relationship between age and spectral peaks for the children with NH (n ¼ 42; age range ¼ 30 to 76 months), and for the children with CIs (n ¼ 32; age range ¼ 49 to 92 months), separately. One child in each group was left out of the analysis, because their ages were too far (at least 16 months) from those of the other children in the group. Figures 3 and 4 show the relationship between age and peak location for /s/ and /$/ for the children with NH and the children with CIs, respectively. For both groups, the effect of age on spectral peak location of productions of /s/ and /$/ was not significant (CI: X a marginally significant interaction between age and consonant on spectral means for the children with CIs (X 2 [1] ¼ 3.86, p ¼ 0.056). When examining the effect of age on spectral peaks for productions of /s/ and /$/ separately, it was found that for both groups, the effect of age on spectral peaks was significant for /$/ (CI: X [1] ¼ 1.12, p>0.289). That is, the peak location of /$/ decreased significantly as age increased, but no such relationship was found between age and peak location for /s/. This same pattern was true for the effect of age on spectral means of productions of each of /s/ and /$/ by the children with NH, but the effect of age on spectral means of productions of /$/ failed to reach significance for the children with CIs (X 2 [1] ¼ 3.39, p ¼ 0.082). The difference in production of /s/ between the children with CIs and the children with NH in the hearing age comparison group is unlikely to be due to differences in vocal tract size, as there was not a significant effect of age on spectral peaks for productions of /s/ for either the children with CIs or the children with NH. As can be seen in Fig. 5 , the productions of /s/ and /$/ both increase in level as channel number increases. However, the energy of the productions of /s/ is lower in channel 6 (2005 to 3181 Hz) and 7 (3181 to 5044 Hz) than is that of /$/. This is especially true for one of the productions of /s/. The other production of /s/ has energy levels that are more similar to that of the /$/ productions. This suggests that children with CIs may be able to discriminate between /s/ and /$/ by noticing the higher energy levels at mid-upper channels for /$/ which gives /$/ lower-frequency spectral energy and a broader spectral shape. However, discrimination between these sounds could be more or less difficult depending on the level of the energy of /s/ at the mid-upper channels.
IV. DISCUSSION
The aim of this study was to determine whether children with CIs produce less contrast between /s/ and /$/ than children with NH. Productions of /s/ and /$/ by children with CIs were compared to those of two comparison groups: children with NH of the same chronological age as the children with CIs and children with NH of the same hearing age. This study differed from previous studies in that only productions transcribed as correct were included in the analysis of acoustic contrast.
The results of the transcription analysis showed that /s/ was produced with lower accuracy than /$/ by all of the groups, which suggests that it is more difficult for children to make correct /s/ production than /$/ productions when fairly broad criteria are used to judge productions as incorrect as was done in this study i.e., when even distortions are considered incorrect. The results of the transcription analysis furthermore showed that the children with CIs produced /s/ and /$/ with a level of accuracy that was more similar to that of their hearing-age peers than to that of their chronologicalage peers (although group differences were not significant). The levels of accuracy that the children with CIs showed should be interpreted carefully, however, because of the type of task used in this study to elicit the productions of /s/ and /$/. The low accuracy of the children with CIs may have been due in part to the perceptual component of the word elicitation task which required the children to repeat each word after an auditory prompt. A different type of elicitation task such as picture-naming, with fewer perceptual demands, may have resulted in higher accuracy scores for the children with CIs. Furthermore, the word elicitation task that was used may have aided the performance of the children with NH since it presented them with an adult model.
The different error patterns for the two groups support the claim that the children with CIs had perceptual difficulties with the elicitation task. The errors that the children with CIs produced for /s/ were different from those of the children with NH. The children with CIs produced many [f] for /s/ substitutions while there were almost no [f] for /s/ substitutions by the children with NH. A substitution of [f] for /s/ is not a typical developmental sound substitution (Smit, 1993) . Furthermore, previous studies have shown that /s/ is a difficult sound for individuals with CIs to identify and that /s/ is often confused with /f/ (Munson et al., 2003; Donaldson and Kreft, 2006; Giezen et al., 2010) . The spectral energy of /f/ is relatively flat compared to that of /s/. The perceptual confusion of /s/ with /f/ by individuals with CIs may be related to the finding that /s/ can be heard by NH individuals as /f/ or /h/ when it is low-pass filtered (Stelmachowicz et al., 2001) which suggests that when listeners do not hear that there is a high frequency spectral peak, listeners perceive /s/ as /f/. Perhaps due to broad current spread of electrodes (Friesen et al., 2001) and an upper frequency limit that is lower than that of individuals with NH, individuals with CIs may not hear that /s/ has a high frequency spectral peak in some cases. This may happen more for speakers who produce higher frequency spectral peaks such as female speakers (e.g., Stelmachowicz et al., 2008) . That an adult female produced the auditory stimuli in this study may have contributed to a perceptual confusion of /f/ for /s/.
While a visual prompt was included to support each auditory prompt, the pictures used were not always explicit due to the abstract nature of some of the stimulus words (e.g., super). Therefore, the visual prompts might not have compensated for inaccurate perception of the auditory stimuli. The errors the children produced for /$/ were similar across the groups. Therefore, perhaps the results of the accuracy analysis and error analysis for /$/ were less affected by perceptual errors than they may have been for /s/. This is consistent with the finding that it is typically easier for individuals with CIs to identify /$/ than /s/ (Donaldson and Kreft, 2006; Lane et al., 2007b) .
The errors that the children produced for /s/ and /$/ did not affect the results of the spectral analysis since that analysis included only productions that were transcribed as correct. The spectral analysis revealed that the children with CIs produced less contrast between /s/ and /$/ than either group of children with NH. This result is consistent with the findings of other studies (Uchanski and Geers, 2003; Liker et al., 2007; Mildner and Liker, 2008) , but shows in addition, that children with CIs produced reduced contrast between /s/ and /$/ even for correct productions. This finding indicates that while productions of these sounds by a child with CIs may be perceived as accurate, they likely differ from the productions of children with NH at a subphonemic level. Furthermore, the fact that the children with CIs showed reduced contrast between /s/ and /$/ compared to children with NH with the same hearing age suggests that children with CIs produce less contrast between /s/ and /$/ than children with NH with the same chronological age for reasons other than having less auditory exposure. It may be that children with CIs produce less contrast between /s/ and /$/ than children with NH because of limitations in auditory discrimination or because children with CIs acquire this contrast more slowly than children with NH.
The pattern of results was that the children with CIs produced /s/ with spectral peaks that were lower in frequency than those of the children with NH, but the spectral peaks of productions of /$/ were similar across the groups. Since the children with CIs were older than the children with NH in the hearing age comparison, it was worth investigating whether the difference in /s/ production between the children with CIs and these children with NH was due to differences in vocal tract size. Previous studies have found that children produce fricatives at higher frequencies than adults (Nittrouer, 1995; Fox and Nissen, 2005) . This is consistent with the fact that children have smaller vocal tracts than adults, and therefore their fricative productions resonate at higher frequencies. In this study, a significant negative relationship between age and spectral peak location was found for /$/ for both the children with CIs and the children with NH, but a significant relationship between spectral peak location and age was not found for /s/. This result supports the claim that the children with CIs produced /s/ with lower spectral peaks than the children with NH in the hearing age comparison because of differences in auditory perceptual abilities rather than differences in vocal tract size. The difference in the effect of age on spectral peaks of productions of /s/ and /$/ is consistent with results of Fox and Nissen (2005) who found that over a much larger age range, age explained more of the variability in spectral peak locations of /$/ than of /s/. Uchanski and Geers (2003) and Liker et al. (2007) similarly noted that children with CIs produced reduced contrast between /s/ and /$/ due to the production of /s/ at lower frequencies. There are different possible explanations for this finding. First, /s/ has energy at higher frequencies than /$/, and CIs deliver poorer frequency resolution for the higher frequencies. Therefore, the children with CIs may have produced /s/ at lower frequencies, because within category discrimination of /s/ is more difficult than within category discrimination of /$/.
However, the difference between the two productions of /s/ that were processed to simulate the processing of a CI (Fig. 5) , suggests that children with CIs may be able to discriminate some productions of /s/ by noticing differences in general spectral shape and differences in channel output level at a number of channels. Examination of whether providing higher spectral resolution at high frequencies gives listeners better within-category discrimination of /s/ could help to clarify whether this is a likely explanation. Second, children with CIs may produce /s/ at lower frequencies so that more of the energy of their productions of /s/ is at frequencies that are within the range of frequencies that they can hear. Figures 1 and 2 show that it is not uncommon for children with NH to produce /s/ with spectral peaks above 8 kHz, the upper frequency limit of the CIs of most of the children in this study. If this is the reason the children with CIs produced lower frequency productions of /s/, then the reduced contrast that they produced between /s/ and /$/ may be less because of limitations in discrimination, and rather, because of an upper frequency limit that is different from that of the children with NH.
The finding that children with CIs produce less contrast between /s/ and /$/ than children with NH has two implications. First, reduced contrast may explain in part why the speech of children with CIs is less intelligible than that of their peers with NH. Further research is needed to determine whether listeners respond negatively to the reduced contrast that children with CIs produce between /s/ and /$/. While listeners may accurately distinguish productions of /s/ and /$/ by children with CIs, the speed or ease with which listeners distinguish these productions may be reduced (Newman et al., 2001) . Second, this finding may support the hypothesis that production of contrast is related to auditory discrimination ability (Perkell et al., 2004) . Support for this hypothesis would be strengthened if future research finds that as children with CIs develop, they continue to produce less contrast between /s/ and /$/ than their peers with NH and if future research finds that children with CIs produce reduced contrast between phoneme contrasts other than /s/ and /$/.
